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ABSTRACT 
The kinetics of water penetration into type I, Port-
land cement has been studied in this investigation. The 
rate of penetration into a small capillary of nominal radius 
of 141 ~ (1. 4lxlo-2 µ m) is 
dL = R2 
dt 8 
ri 
well represented by the expression: 
(l'.P) 
L 
where LP is the driving pressure, ri is the viscosity. By 
integrating the rate equation, we obtain a parabolic equa-
tion which is verified up to the initial 25 minutes of the 
penetration. At times exceeding 25 minutes, departures 
from the parabolic equation are detected in the penetration 
time curves. These departures were attributed to the mutual 
disturbance of the advancing impregnating areas, coming from 
the ends of the specimens. 
The dynamic aspects of pressure effects on penetration 
kinetics is that of achieving greater penetration rates at 
higher pressures. However, the exact functional relation 
between penetration rate and pressure (i.e., linear or 
square root) could not be determined in the experimental 
pressure range 0-60 psi (0-414 kPa). This pressure range 
is not high enough to offset the large capillary pressure 
l.5xlo 3 psi (1.4lxlo-2 µm) encountered in the capillaries. 
1. 
INTRODUCTION 
The problems connected with the flow of liquids in 
capillary tubes have been investigated on both the theoretical 
and experimental sides, and there has been little explicit 
confirmation of theoretical predictions. These predictions 
would certainly have practical applications with reference 
to penetration kinetics in the impregnation of porous materials. 
However, recently Vanderhoff et al. (1) and Mehta 
et al. (2) showed that the penetration of water and monomers 
into portland cement and concrete exhibit a linear dependence 
f . ~ o rate on time This finding was confirmed independently 
by Bell and Cameron (3), Cude and Hulett (4), Godard et al. 
(5) and Paul (6). 
The dynamic aspects of pressure ~ffects on penetration 
kinetics has not appeared to receive much attention. Theory 
(7) predicts that the depth of penetration,~' should vary 
k ~ 
with P 2 as well as t. The validity of the preceding theor-
etical predictions was tested experimentally in this investi-
gation for water moving through concrete capillaries under 
the influence of its own capillary pressure as well as a _con-
stant applied pressure. The applied pressure was varied 
from O - 60 psi (0-414 kPa). 
2. 
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THEORETICAL A~~ECTS OF PENETRATION PHENOMENA 
The penetration of liquids into porous media may be 
considered as a phenomenon of flow, and it can be admitted 
that the phenomenon is governed by laws analogous to these· 
established for flow in cylindrical tube. 
Several approaches have been taken to model liquid 
motion in cylindrical capillaries. One of these is the 
Darcy's equation (8) for incompressible, Newtonian flow 
through a porous medium: 
Q = -(k/ri)(llp/L) 
in which Q is superficial velocity, k is permeability of 
the medium (units 1 3) defined as the volume of fluid of 
unit viscosity passing through a unit cross section under 
pressure in unit time, ri is the viscosity, and 6 p/L is 
pressure gradient in the direction of flow. The flow is 
considered slow, i.e., the Reynolds number 
NRe = 6 qp/nP 
1s much smaller than unity. In this expression 6 is a 
characteristic dimension for the porous medium, such as 
3. 
' • < ~ ~-- "'- ,,_ -- -~-r- .. , •- - ·•----~-,--. ---· ··-- ~,-~_,,..,.,. 
the mean capillaric diameter, Pis porosity, and g/P is 
a characteristic interstitial velocity. Smallness of the 
Reynolds number implies that inertial effects can be neglected. 
Another approach is using the basic Poiseuille's law 
concerning laminar flow to model fluid motion in cylindrical 
capillaries. The Poiseuille's law expresses the flow of a 
liquid through a tube of radius,~ and length, 1, to be 
function of a constant pressure gradient along the tube 
and the viscosity of the ligui<l. 
The volume rate of flow, Q, is given by the Poiseuille's 
law (9): 
where 6 P is driving pressure and ri 1s the viscosity. 
Poiseuille's law is valid for steady flow, whereas, 
the flow situation being investigated is a non-steady state 
phenomena. In addition, the presence of surface tension 
on the free surface of the liquid, in certain cases, 
introduces capillarity effects on the motion of the liquid 
in the capillaries. The situation becomes capillary motion 
in lieu of steady flow down a cylindrical tube. 
4. 
.) 
Washburn (11) hAs examined the problem in more 
detail, and has modified Poiseuille's law to take into 
account the capillarity effects. As before, he assumes 
non-turbulent flow and he deduces the following expression 
for the >~ P term in the Poiseuille' s law. The total driving 
pressure is made up of three s~parate pressures: the 
atmospheric pressure, r, the hydrostatic pressure, Ph' A . 
and the capillary pressure, P . P is taken us constant. 
. c A 
Ph is essentially our applied pressure since:: the liquid 
head j n our capillary i.s due> to our appU od JJrc•ssun•. 
F i n a 11 y , r or P , w c· h av C! : 
C 
I ~ l'(J'.j (J ,, . --p 
v1herc! f) ir:; the r,ur[ac<· to.M;ion of the liquid and 11 1.s 
the anyle of contact. For all liquids which wet the tube 
wall of the material, cos0is equal to unity. 
After summation of the pressure terms, we have the 
following equation for the velocity of penetration: 
~ [ J1o1 f- Pe f ?6] J-: / 
Jt R 
8riL 
where P is our applied pressure, For horizontal capil-E 
laries, P is eliminated. The preceding equation is in-A 
5. 
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tegrated to give the parabolic equation below: 
12 [PA+ PE+~] R2 t 
or R t 1: 2 C~J 2 
In .other investigations, Rideal (12) came up with a 
somewhat different expression for the velocity of flow. 
He assumes the driving pressure to vary with the length of 
the capillary since the frictional resistance to flow 
increases with the length of the column in the capillary 
tube. However, his expression reduces to the form given 
by Washburn for small values of pore radius. Both deductions 
assumed non-slip flow conditions on the surfaces of the 
capillaries. 
The influence of the parameters, time and pressure 
on penetration kinetics will be investigated systematically 
in the experimental studies that follow. It is to be noted 
that the only factors which are not directly accessible in 
the experiment are pore length, 1, and radius, R. These 
are inferred from experimental kinetics data. 
.. 
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EXPERIMENTAL DETAILS 
A. Materials 
Concrete mix proportions for the batch prepared for 
this investigation are given in Table I. Portland cement 
(type I) was selected as the binder. The fine aggregate 
was natural siliceous sand with a fineness modulus= 2.67 
and the coarse aggregate was mixed gravel 3/8 inch (0.95cm) 
in size, both according to ASTM C33-67. Darex air entraining 
agent was added to the mixes. 
1'1\BLE T 
CONCRE'l'E MIX DESIGN 
MA'l'EJUl\L 
Cement ( type I) 
Fine Aggregate (silica sand) 
Coarse Aggregate (linestone) 
Water 
Air Content 
Slwnp 
B. SAMPLE PREPARATION 
- lbs 
- lbs 
- lbs 
- lbs 
- % 
inch 
J\MOUN'l' 
water/cement =0.5 
60.0 
102.7 
124.9 
30.0 
3. 0 
4. 5 
Concrete was mixed in accordance with standard ASTM 
specifications. The measured air content was 3% with slump 
of ~.5 inch (11.4cm). The concrete mix was casted in 
cylindrical cardboard molds 3 inch (7.6cm) in diameter X 
6 inch (15.2cm) in length. After 24 hours, the specimens 
7. 
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I, 
were removed from the molds and cured in a moisture room 
with1 90-100 percent relative humidity for at least 28 days 
prior to the drying and impregnation tests. 
C. DRYING OF CONCRETE CYLINDERS 
The major problem in any impregnation work is adequate 
drying rather than the impregnant per se (11-13). Drying 
is a necessary step 1n order to remove all moisture from 
the concrete pores, so that the impregnant can occupy the 
same pores. In general, drying is done at elevated temper-
atures above 100°c (212°F) in order to remove water to the 
desired depth within practical time (14). 
The rate of drying was determined prior to the im-
pregnation tests and it was used in subsequent dryings. 
The concrete specimens were heated in a circulating air 
oven at 121°c (250°F) and their weights were determined 
at various time intervals. Figure 1 shows the typical 
drying-rate curve for this work. It can be seen from the 
curve that the drying was complete within about 45 hours. 
The rate of water loss was proportional to the square root 
of drying time, indicating that the drying process is 
diffusion-controlled. This drying time was adequate to 
reduce the specimens to constant weight. All the laboratory 
work employed this drying time in order to eliminate the 
8 • 
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Figure 1: Drying - R,ate Curve for oven-drying of 3 x 6 inch. [ 7.5 x 15.2 cm] concrete cylinders 
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degree of drying as a factor when other parameters were 
studied. 
D. IMPREGNATION 
An impregnation vessel was constructed from 4 x 27 
inch (10.2 x 68.6cm) steel pipe capable of impregnating 
four 3 x 6 inch (7.6 x 15.2cm) specimens simultaneously. 
The vessel as shown in Figure 2 consists of the steel-pipe, 
a bottom and top flange welded to a smaller 2 x 22 inch 
(5.1 x 55.9cm) steel pipe. Both the bottom and top sections 
of the vessel are screwed tightly together. 
The vessel was equipped with suitable gages and valves 
to permit convenient filling with the impregnant and pres-
surization during impregnation. It was also equipped with 
a vacuum pump to evacuate the concrete cylinders prior to 
impregnation. A boiler gage was fitted on the top section 
from which the water level was read directly. The volume 
of water sorbed was then calculated from the water level 
data. 
Four completely-dried 3 x 6 inch (7.6 x 15.2cm) concrete 
cylinders were placed in the vessel and evacuated for two 
hours. The impregnant (water) was then introduced into 
the vessel by suction from the vacuum pump. After the 
water was sucked into the vessel, pressure was applied from 
a nitrogen cylinder. The specimens were kept under pressure 
10. 
r 
rigure 2: ~ressure i.mpregnation device hooked ~p to the 
nitrogen cylinder and vacuum pump. 
11. 
( 
i-
i 
f, 
for 45 hours at a tim~ and then removed. The pressure 
range used varied from 0-60 psi (0-414kPa). The amount 
of water sorbed as function of applied pressure is reported 
in Appendix B. 
?., 
( 
DATA AND RESULTS 
A. TIME EFFECTS ON PENETRATION KINETICS 
Figure 3 shows the experimental kinetics over a time 
period of 45 hours for pressure impregnation of four con-
0 
crete cylinders of a nominal pore radius of 141 A. (1.4lx 
-2 10 µm) (calculation of radius on page 27). Figure 4 shows 
penetration kinetics of the same data but for a shorter 
period of 1.5 hours. 
Figures 3 and 4 show that the water penetration plots 
(% penetration versus time) exhibit different regions along 
the curve. The first region has a higher slope and passes 
through the origin. After an impregnation period of 25 
minutes, the curve goes through a transition to deviate 
from the first region, forming a second region of a lesser 
slope. This pattern was followed by all the curves in 
Figures 3 and 4. 
Following the analysis of J. W. Vanderhoff et al. (15), 
the depth of penetration was determined from the experimental 
penetration curve. Since the original volume of the cylinder 
is changing during impregnation, it becomes necessary to 
calculate the true radius and true height of the cylinder 
(corresponding to the true volume). Let us assume that the 
nominal dimensions are reduced by a constant amount!, so 
13. 
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that the true radius is (g-~) and the true height is 
(~-2x), where R is the nominal radius of 1.5 inch (3.8cm) 
and~ is the nominal height of 6 inch (15.2cm). 
Substituting (g-~) and (h-2x) into the equation for 
the volume of a cylinder gives: 
2 
V = rrR h 
2 2 2 2 3 V = rr [Rh - 2RxL + x h + 4Rx - 2xR - 2x J 
which for the values of R = 3.8 cm and h = 15.2 cm gives 
the polynomial equation 1n terms of depth of penetration, x: 
x
3 
- 11.2 x2 + 41.6 x - 51.8 + (V/2rr) = 0 
Using the computer program of N. Liu (16), the poly-
nomial above is solved iteratively for the depth of pene-
tration, x as a function of time from experimental volume 
percent data. Table IIA-F gives the calculated depth of 
penetration for the first hour of the experiment. The 
calculations include the rate of penetration determined 
by taking the slope of each line segment of the penetration 
time curve and dividing it by the surface area. These cal-
culations are plotted in Figure 5 for depth of penetration 
j 
.-' 
.i 
TIME 
(HR) 
I 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.34 
0.36 
0.38 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 
TABLE IIA 
DATA ON KINETICS OF PENETRATION 
APPLIED PRESSURE~ 0 psi 
DEPTH OF PENETRATION RATE OF PENETRATION 
(x) , cm %/Ilr/cm2 x 103 
0.074 8.60 
0.102 5.18 
0.151 5.19 
0.195 4.77 
0.285 4.69 
0.346 4.77 
0.384 4.65 
0.426 4.37 
0.459 4.19 
0.499 4.22 
0.576 3.92 
0.635 3.60 0.702 3.45 0.757 3.44 
0.814 3.42 
0.861 3.36 
0.921 3.18 
0.977 3.18 
1.120 3.05 
1.127 3.03 
1.174 3.02 
1.226 2.93 
1.279 2.84 
1.320 2.83 
l. 456 2.86 
l. 573 2.78 
1.665 2.26 
1.758 2.25 
l. 848 2.20 
1.939 2.08 
2.125 l. 88 
2.106 1.80 
2.180 1.83 
2.287 1.89 
2.374 1.98 2.452 1.88 
./ 
'j 
,I 
,! 
~ 
l 
;l 
) 
_:; 
l 
TIME 
(HR) 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.80 
0.90 
1.00 
TABLE Il_'B 
DATA ON KINETICS OF PENETRATION 
APPLIED PRESSURE= 10 psi 
DEPTH OF PENETRATION RATE OF PENETRATION 
(~), cm %/hr/cm 2 X 10 3 
0.075 13.13 
0.187 13.07 
0.317 9.31 
0.400 9.28 
a.sos 9.12 
0.579 8.42 
0.673 7.63 
0.746 7.72 
0.817 7.21 
0.869 7.24 
0.875 6.93 
1.130 6.75 
1. 257 6.61 
1. 358 6.30 
1. 466 5.05 
1. 543 5.11 
1. 648 5.33 
1. 753 5.63 
1. 846 5.82 
1. 946 5.74 
2.043 5.44 
2.112 5.05 
2.298 4.52 
2.348 3.94 
2.456 2.82 
2.540 2.52 
2.630 2.06 
2.714 1.01 
2.725 0.82 
2.736 0.68 
2.805 0.71 
2.854 0.73 
2.995 0.82 
3.000 0.81 
I } 
TIME 
(HR) 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.45 
0.50 
0.55 
0.60 
0.70 
0.80 
0.90 
/, 1. 00 ~ 
-
TABLE IIC 
DATA ON KINETICS OF PENETRATION 
APPLIED PRESSURE= 20 psi 
DEPTH OF PENETRATION RATE OF PENETRATION 
(~), cm %/hr/cm2 x 10 3 
0.239 13.37 
0.358 11. 23 
0,442 11. 46 
0.452 9.38 
0.654 9.37 
0.725 9.36 
0.813 8.53 
0.890 8.19 
0.961 8.12 
1. 098 7.63 
1. 240 7.27 
1. 360 6.99 
1. 482 6.55 
1. 549 6.23 
1. 6 81 6.21 
1. 800 6.38 
1. 896 6.25 
2.015 5.97 
2.088 5.90 
2.177 4.97 
2.261 4.88 
2.344 4.39 
2.403 4.04 
2.474 3.82 
2.615 3.10 
2.726 2.20 
2.758 1.40 
2.841 0.86 
2.879 0.49 
2.948 0.36 
2.992 o.,. 20 
3.024 0.16 
TIME 
(hr) 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.2G 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.80 
0.90 
1. 00 
TABLE IID 
DATA ON KINETICS OF PENETRATION 
APPLIED PRESSURE= 30 psi 
DEPTH OF PENETRATION RATE OF PENETRATION. 
(x) , cm %/hr/cm2 X 103 
0.230 15,60 
0.393 14.07 
0.492 12.55 
0.587 10.63 
0.673 9.98 
0.768 9.00 
0.852 8.48 
0.927 8.01 
1. 008 8.19 
1.130 8.35 
1.272 7.98 
1. 401 7.48 
1. 527 7.32 
1. 652 6.54 
1. 735 5.62 
1. 856 5.86 
1. 934 5.86 
2.021 5.60 
2.086 5.49 
2.192 5.44 
2.288 4.94 
2.378 5.09 
2.453 5.03 
2.469 4.43 
2.642 2.83 
2.798 2.68 
2.857 2.02 
2.963 1. 07 
2.993 0.48 
3.008 0.40 
3.024 0,34 
3.040 0.25 
3.126 0.24 
I 
'1 
,J 
TIME 
(hr) 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.80 
0.90 
1. 00 
TABLE IIE 
DATA ON KINETICS OF PENETRATION 
APPLIED PRESSURE= 50 psi 
DEPTH OF PENETRATION RATE OF PENETRATION 
(~) , cm %/hr/cm 2 103 X 
0.224 21. 74 
0.316 13.71 
0.429 14.57 
0.542 13.14 
0.659 11. 01 
0.754 10.39 
0.844 10.20 
0.917 10.12 
1. 000 9.60 
1. 212 8.59 
1. 392 8.14 
1. 475 7.64 
1. 591 7.39 
1. 713 6.60 
1. 803 6.28 
1. 946 5.59 
1. ens 5.29 
2.064 4.93 
2.126 4.60 
2.213 4.50 
2.273 4.49 
2.336 4.08 
2.369 3.71 
2.439 3.34 
2.595 2.67 
2.638 2.59 
2.732 1. 81 
2.783 1.42 
2.826 1. 22 
2.838 0.54 
2.962 0.37 
3.002 0.24 
3.062 0.17 
i 
;J 
I 
TIME 
(hr) 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
0.36 
0. 38 
0.40 
0.45 
a.so 
0.55 
0.60 
0.65 
0.70 
0.80 
0.90 
1.00 
TA,BLE ;EIF 
DATA ON KINETICS OF PENETRATION 
APPLIED PRESSURE.~ 60 psi 
DEPTH OF PENETRATION RATE OF PENETRATION 
(~), cm %/hr/cm2 x 103 
0.191 21. 42 
0.384 21. 41 
0.539 14.79 
0.653 13.33 
d.756 11. 96 
0.864 9.83 
0.947 9.08 
1. 024 9.50 
1.119 8.99 
1.199 8. 8 !! 
1. 326 8.56 
1. 464 7.84 
1. 592 7.19 
1. 716 7.07 
1. 821 6.66 
1. 925 6.89 
2.028 6.27 
2.112 6.00 
2.294 4.40 
2.387 4.52 
2.458 4.47 
2.497 3.92 
2.553 3.89 
2.622 3.81 
2.766 3.42 
2.878 3.97 
2.997 2.78 
3.057 2.14 
3.087 2.14 
3.160 1.02 
3.180 0.48 
3.242 0.45 
3.568 0.79 
3.810 0.75 
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versus time, 
Figure 6 shows square root of time pilibts for the data 
in Figure 5. The curves intercept the depth of penetration 
axis in the negative quadrant. This pattern was typical 
of all the penetration time curves. These intercepts 
correspond to a specific depth of water present in the 
cylinders prior to my timing at t = 0 hours. The water 
got in there during the filling up of the pressure vessel. 
Figure 7 shows square root of time plots for the same 
data in Figure 5. However, the curves have been shifted 
along the depth of penetration axis by a constant factor, 
~' making the curves pass through the origin. The shift 
factor,~' was determined from an estimation of the depth 
penetrated by the water during the time the pressure 
vessel was filling up. The value of the shift factor as 
determined from Figure 6 is 0.42. The curves of Figure 6 
are predictions of the modified Poiseuille's law used in 
this investigation to model the flow. 
The curves of Figure 7 consist of two segments. The 
first shows the data to conform to a linear relation. This 
linearity is observed for the initial 25 minutes of impreg-
nation. After this period, departures from linearity in 
the square root of time plots are observed. 
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·~ Values of a penetration coefficient for water penetrat-
~ 1 { ing into the capillaries were obtained from the slopes of 
the derived square root of time plots in Figure 6. The equa-
tion of the simplified Poiseuille's law was used in calcula-
ting the coefficients. 
~+~ k R k L= [P + J 2 + 2 E R 2n~ 
I Kl 
~ 1 A plot of L versus t should be linear with slope K 
(un::lerlined term in equation). 
simplified below: 
The slope expression is 
2l 
K1 =[PE+ PA+ R k J 2 R 2~~ = Slope 
Equation is rearranged to give a quadratic equation in~' 
a nominal pore radius: 
[PE+ PA] R2 + 2 (26) R - 4~ (Slope) = 0 
After a dimensional analysis for consistency of units, 
the preceding equation is solved for~- This is assuming 
everything else is known in the quadratic equation except 
the nominal radius, R. The values of R calculated by the 
preceding procedure are tabulated in Table III and it agrees 
reasonably well with value of concrete pore radius of 140 A 
determined by Godard et al. (17). 
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TABLE III 
APPLIED PRESSURE PENETRATION COEFFICIENT AVERAGE RADIUS 
(psi) (cm2 /hr) ~ 
00 2.32 141 
10 4.00 121 
20 4.52 152 
30 4.68 163 
40 
50 4.72 176 
60 5.18 193 
B. PRESSURE EFFECTS ON PENETRATION KINETICS 
It was observed that the penetration kinetics increase 
with applied pressure. This phenomenon is shown in Figure 
3. This is also shown in Table III, where the penetration 
coefficient increases more than 100% with increasing applied 
pressure. 
In order to study the exact functional relation between 
pressure and penetration rate, we had to determine the 
capillary pressure. The presence of surface tension on the 
free surface of the water flowing in a capillary of radius 
R gives rise to a force normal to the section of the capillary. 
Its magnitude is given by: 
f = 2nR o cos 8 
28. 
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where 8 is the contact ~ngle between the capillary wall and 
the water. This force corresponds to a capillary pressure: 
P = 26 Cos8 = 26 
R R 
when we assume Cose to be unity for water that wets the 
capillary walls. 
This pressure is inversely proportional to the. radius 
R of the capillary. In the case of small-diameter capil-
laries, the capillary pressure reaches extremely high values. 
Using the pressure expression above, a capillary pres-
sure corresponding to the nominal capillary radius was cal-
culated. A value of 1.5 x 10 3 psi (1.0 x 10 4 kPa) corres-
,, -2 
ponds to a nominal radius of 141 A (1. 4lxl0 µm). This capil-
lary pressure is much greater than the applied pressure in 
the range 0-60 psi (0-414 kPa). 
The parabolic equation deducocl by Washburn and Ricleal 
(18) permits us to study the functional relation between 
pressure and penetration. 'I'he equation below is used: 
[Ll]2 .. [ Pr; Pl\ 20 J 1/ t - I· +- 4 -j,)_ ri 
where 11 is penetration depth. The Rideal-Washburn theory 
predicts that the depth of penetration, 11 , should vary 
with: P~ as it does with t~. Our next task is to verify 
this linearity. 
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Table IV shows the depth of penetration as a function 
of pressure at different times extrapolated from the 
penetration time curves in Figure 7. These data are 
plotted in Figures 8 and 9 for the total driving pressure 
to the first and one-half powers, respectively, Frpm 
the plots, we cannot verify our relation to be either first 
or one-half power. Both plots were alike such that neither 
a square root or a linear relation can he differentiated. 
A trial at plotting depth penetiated versus applied pres-
sure in Figures 10 and 11 qives similar curves typical of 
those in Figures 8 and 9. Apparently, neither a square 
root or linear n:>lab on can he dPtermined for the range of 
applied pressure u:-;e:d in this investiqation. 
'J'AP,LE TV 
I 
---- --------------------I 
LP DEP'l'JI PENE'l'Rl\TED l\'I' VAHIOUS 'I' IMES (cm) 
(psi) (hr) 
0.04 0.09 0.16 0.25 0.36 0.49 
1501.7 0.47 0.70 0.93 1.16 1.45 l. 7 3 
1511. 7 0.81 l. 21 1. 6 0 2.00 2.41 2.75 
1521. 7 0.89 l. 35 l. 80 2.26 2.70 3.07 
1531. 7 0.95 1. 39 l. 86 2. 34 2.82 3.14 
· 1541. 7 0.99 1. 47 1. 96 2.47 2.92 3.22 
1551. 7 0.99 1. 4 7 l. 96 2.47 2.92 3.22 
1561. 7 1. 05 l. 58 2.09 2.60 3.09 3.41 
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A linea,r re9"ression a.nalysis wa§. P,erto;i;-med on the data 
for determining the best curve-.:eit (i. e,, linear or square 
root function) for the pressure term in the Washburn-Rideal 
equation. Values of the correlation coefficients for a 
linear and square root curve-fit appeared to be very close. 
Once again, the linear regression an~lysis shows that the 
linear or square root functional relation cannot be dif-
ferentiated, at least in the applied pressure range used 
in this investigation. 
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DISCUSSION OF RESULTS 
The penetration of water into the pores of concrete 
cylinders is a two stage process. The first stage shows 
a higher rate of penetration than the second stage. We 
shall attempt to explain the two stages. 
The first stage of the penetration is characterized 
by a higher rate of penetration which results in the initial 
larger slopes in the penetration time curves. This 
phenomenon was noticeable during the first 25 minutes of 
the impregnation. A possible explanation is due to the 
pore of larger diameter being filled up rapidly initially. 
The smaller diameter µores fill up subsequently requiring 
a larger surface tension forward into the pores. 
A look at the theoretical equations of fluid flow 
may suggest other explanations. Both the Darcy's and 
Poiseuille's laws describe adequately the steady flow of 
liquids into porous media·. Since capillary flow is not a 
steady state process, we shall resort to the Rideal-Washburn 
theory that accounts for capillarity effects. Their theory 
equates the penetration of capillaries to the penetration 
of cylindrical tubes of a wide distribution of radii. 
The rate of flow through a section of the tube is expressed 
36. 
by: 
dL 
dt = 
(~P) 
L 
where LP is the total effective driving pressure comprising 
capillary pressure, atmospheric pressure and applied pres-
sure. From the preceding equation, the rate is proportional 
to the square of radius. Thus, the rate of flow will be 
great initially for the larger pore radii and decreases as 
the radii decreases. 
Integrating the equation gives us a parabolic equation 
in terms of depth of penetration. 
The parabolic equation is valid for the initial 25 minutes 
of the flow. This is seen in Figure 4, where the higher 
rate region along the penetration time curves fits a para-
bola nicely. 
The above analysis suggest plotting the depth of pene-
tration versus square root of time which is done in Figure 
5. The empirical parabolic equation below fits the data: 
2 
= (PE+ PA+~)~ (!) - K R 4 'I 
where K is an empirical constant and accounts for the 
negative intercepts in Figure 6. The equation is rearranged 
to give: 
( PE + PA + 3.Q. ) R 
37. 
(4) 
I 
I 
·"""'-'---
where L 1 = L + K 
"-
Equation (4) is plotted in Figure 7. The square 
root of time plots are linear and pass through the origin. 
The linear portion conforms to the parabolic equation and 
accounts for the initial higher rate on the penetration 
time curves. 
At greater times, the experimental kinetics departs 
from the parabolic equation. This deviation is noticed 
by the broadening of the penetration time curves and by 
the non-linearity in the square root of time plots at 
impregnation times exceeding 25 minutes. This departure 
arises from the diffused nature of the impregnated front. 
It is likely that the impregnation borders of the specimen 
interfere with each other. This interference explains 
the slowing down of the kinetics as compared to the para-
bolic equation. 
The parabolic equation deduced from Poiseuille's law 
permits us to study the effects of p~essure on the kinetics 
of penetration. For vertical capillaries, the parabolic 
equation is given by the expression below: 
2 
[ 11]2 __ (P PA 26 ) R E + + R 4 .. t ') ( '*' 
'I') 
Fo~ horizontal capillaries, PA is elimtn~ted from the equation. 
The preceding equation is plotted in Figures 8 and 9. 
The depth of penetration, 11 is plotted against total pressure, 
38. 
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~ P, to the :tlrst and. one~ha.lf powers. O-u:r objective is 
to verify either a. linear or square root relation for P. 
The comparison of the magnitude of the separate driving 
pressures in Table V explains our inability to detect the 
predicted square root of pressure. Assuming vertical 
capillaries, the driving pressure is made up of three 
separate pressures; the atmospheric pressure, P , the 
A. 
capillary pressure, P , and the applied pressure, P • 
E C 
TABLE V 
1: p p p (rP) O:::P) 2 . 
E A C 
(psi)~ (psi) (psi) (psi) (psi) 
00 14.7 1487 1501. 7 38.750 
10 II II 1511.7 38.880 
20 II II 1521.7 38.996 
30 II II 1531.7 39.124 
40 - - -- --
50 II 1487 1551. 7 39,. 379 
60 " II 1561.7 39.506 
From the table, for a 10 psi (69 kPa) change in applied 
pressur~, the square root of total pressure term, remains 
essentially constant. The constancy is maintained in the 
entire ragge of applied pressure (0-60 psi) (0-414 kPa). 
This constancy in total pressure is apparently the reason 
why we cannot detect the square root relation. The large 
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capillary p;re~sure dominates the sum of pressure term 
k 
such that~1: P) ~erm is constant, ;For the pressure range 
that this investigation was conducted, a linear or square 
root relation could not be detected. 
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CONCLUSJ:ONS 
The overall kinetics of water penetration tnto conc;i;-ete 
cylinders is quite satisfactorily expressed by Poiseuille's 
law by Washburn and Rideal during the initial periods of 
penetration. There is excellent agreement between experi-
mental data and theoretical predictions as long as pene-
tration times are not large. 
The divergence from the Poiseuille's law at greater 
times is very likely induced by relatively wide distribution 
of the radii of the pores. This results in an interference 
of the advancing impregnating areas, coming from the ends 
of the specimens. 
The functional relation between penetration rate and 
pressure (i.e., linear or square root) could not be deter-
mined in the experimental pressure range 0-60 psi (0-414 kPa). 
T.his pressure range is just not high enough in comparison 
to the much larger capillary pressures in the capillaries. 
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DRYING RATE DATA FOR 3 x 6 inch (7.6 x 15.2 cm) 
CONCRETE CYLINDERS AT OVEN TEMPERATURES 121°c (2S0°F) 
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TIME (HRS) 
0000 
0.25 
0.50 
0.75 
1. 00 
1.25 
1. 50 
1. 75 
2.00 
2.50 
3.00 
3.50 
4.00 
5. oo. 
6.00 
8.00 
10.00 
14.00 
22.00 
30.00 
38.00 
45.00 
72.00 
MOISTURE LOSS (GMS} 
#94 #95 
o.oo o.oo 
5,00 5.00 
10.00 12.00 
15.00 20.00 
27.00 29.00 
37.00 37.00 
44.00 45.00 
52.00 52.00 
58.00 58.00 
69.00 67.00 
79.00 76.00 
85.00 82.00 
92.00 86.00 
100.00 96.00 
105.00 101.00 
109.00 107.00 
110.00 109.00 
112.00 111. 00 
113.00 113.00 
114.00 114.00 
114.00 114.00 
115.00 115.00 
115.00 115.00 
46. 
TIME (HRS) MOISTURE LOSS l%} 
#94 #95 AVE, % 
0.00 o.oo o.oo 0.00 0.25 4,35 4.35 4.35 0.50 8.70 10.43 9.57 0.75 13.40 17.39 15.22 I' 1. 00 23.48 25.22 24.35 1. 25 32.17 32.17 32.17 1. 50 38.26 39.13 38.70 1. 75 45.22 45.22 45.22 2.00 50.43 50.45 50.44 2.50 60.00 58.26 59.11 3.00 68.70 66.09 67.40 3.50 73.91 71. 30 72.61 4.00 80.00 74.78 77.39 5.00 86.96 83.48 85.22 6.00 91. 30 87.83 89.57 8.00 94.78 93.04 93.91 10.00 95.65 94.78 95.22 14.00 97.39 96.52 96.96 22.00 98.26 98.26 98.12 1, 30.00 99.13 99.13 99.13 I 38.00 99.13 99.13 99.13 45.00 100.00 100.00 100.00 72.00 100.00 100.00 100.00 
4 7 I 
I . 
1, 
l 
DATA ON WATER IMPREGNATION OF 3 x 6 inch (7.6 x 15.2 cm) 
ceNCRETE CYLINDERS: ALL SPECIMENS WERE EVACUATED FOR 
3 HOURS PRIOR TO THE TESTS. 
48. 
.,-
NO )U'PLIED RRE~$UgE_: P 0 psig f E I 
• 
i" 
' !. SAMPLE INITIAL WT. FINAL WT. WATER ABSORBED 
# (GMS) (BMS) (GMS) 
I, 6J 1513 1642 129 
71 1503 1633 130 
77 1507 1647 140 
78 1497 1631 134 
KINETICS OF IMPREGNATION 
TIME, t VOLUME, V VOLUME, V (t) VOLUME PERCENT,% 
(HRS) (ML) (ML) V(t)/V(oo) ':> 
0.00 100 00 o.oo 
0.02 128 28 7.07 
Ii 0.03 150 50 12.62 
I 0.05 165 65 16.41 
0.07 180 80 20,. 20 
0.08 195 95 23.99 
0.10 205 105 26.52 
0.12 215 115 29.04 
0.13 225 125 31. 57 
0.15 235 135 34.09 
0.17 242 142 35.86 
0.20 256 156 39.40 
0.23 267 167 42.17 
0.27 281 181 45.17 
0.30 291 191 48.23 
0.33 300 200 50.50 
0.42 327 227 57.32 
0.50 345 245 61.87 
0.75 388 288 72.73 
1. 00 410 310 78.28 
1. 50 438 338 85.35 
t 2.50 465 365 92.17 
4.50 473 373 94.20 
,, 
14.50 485 385 97.22 ·"' 
38.50 495 395 t; 99.75 \.~.' 
45.00 496 396 100.00 .~i. ,, . 
49. 
f 
;'. 
' 
,,. 
·:,, 
, s;i 
(f{ 
}: 
1'1 
111' ,. ,, 
;! 
\' 
1, 
A~?LrED PRESSURE;~ = 10 
E 
SAMPLE INITIAL WT. 
# (GMS) 
50 1524 
56 1510 
57 1518 
63 1510 
KINETICS OF IMPREGNATION 
TIME VOLUME RDG. 
(HRS) (ML) 
00 310 
.02 382 
.03 422 
.05 455 
.07 484 
.08 500 
.10 520 
.12 535 
.13 550 
.15 563 
.17 575 
J?S.l,<J 
FINAL WT. WATER ABSORBED 
(GMS) (GMS) 
1657 133 
1643 133 
1654 136 
1644 134 
536 
Vt Vt/VOO 
(ML) (%) 
0 0 
72 14.90 
112 23.19 
145 30.02 
174 36.05 
190 39.38 
210 43.48 
225 46.58 
240 49.69 
253 52.38 
265 54.87 
so. 
1?::; 10 psig 
TIME Vol. RDG. Vt Vt/Voo 
(HRS) (ML) (ML) ( % ) 
.20 598 288 59,63 
.23 620 310 64.18 
.27 637 327 67.70 
.30 653 343 71. 03 
.33 666 356 73.71 
.42 690 380 78.67 
.50 700 390 80.75 
.75 708 398 82.40 1.00 710 400 82.82 1.50 724 414 85.72 2.00 730 420 86.96 3.00 740 430 89.03 5.00 580 455 9iL 20 9.00 650 468 96.89 13.00 618 470 97.31 20.00 620 475 98.34 1, 30.00 62~ 477 98.76 45.00 633 483 100.00 
,, 
51. 
.r ·,·~·. ·. -···----· -. ···-·-·-· . -·----.~·-·- ··----- -
1\t 
APPLrED PRESSURE.; P ;:::; 20 ;psig 
E 
SAMPLE INITIAL WT. FINAL WT. WATER ABSORBED 
# (GMS) (GMS) (GMS) 
94 1487 1616 129 
95 1523 1652 129 
98 1519 1646 127 
99 1500 1630 130 
= 515 
KINETICS OF IMPREGNATION 
TIME VOLUME RDG. Vt Vt/Voo 
(HR) (ML) (ML) ( % ) 
00 310 00 00 
.02 385 75 15.72 
\ 
.03 430 120 25.16 I 
.05 460 150 31. 45 
.07 485 175 36.69 
.08 508 198 41. 51 
.10 528 218 45.70 
.12 543 233 48.85 
.13 560 250 52.41 
.15 571 261 54.72 
.17 586 276 57.86 
~. ' 
,, ' 52. 
b. P = 20 psig 
TIME VOLUME RDG. Vt Vt/Voo 
(HR) (ML) (ML) (%) 
.20 608 298 62.47 
.23 6217 317 66.46 
.27 645 335 70.23 
.30 660 350 73.38 
.33 667 357 74.84 
.42 680 370 77.57 
.50 690 380 79.66 
.75 708 398 83.44 
1. 00 719 409 85.74 
1. 50 726 416 87.24 
2.00 734 424 88.89 
3.00 754 444 93.08 
5.00 757 447 93.71 
10.00 772 462 96.89 
21. 00 779 469 98.32 
I 33.00 784 474 99.37 I 45.00 787 477 100.00 I 
r 
53. 
APPLIED PRESSURE: p = 30 psig 
E 
SAMPLE INITIAL WT. FINAL WT, WATER ABSORBED 
# (GMS) (GMS)' (GMS) 
77 1506 1637 - 131 
78 1532 1663 - 131 
86 1539 1669 - 130 
71 1497 1640 - 143 
535 
KINETICS OF IMPREGNATION 
TIME VOLUME ROG. Vt Vt/Voo 
( IIR) (ML) (ML) ( % ) 
00 250 00 00 
.02 3 38 88 17.46 
. 03 380 130 25.00 
.05 418 168 33.00 
.07 442 192 38.10 
. 08 468 218 43.26 
.10 486 236 46.83 
.12 506 2 56 50.80 
.13 521 271 53.77 
. 15 536 286 56.75 
.17 5 '16 296 58.73 
54. 
.: '/~/ /j p = 30 psig I ;:if f' ;-;:: 
~\(' TIME VOLUME RDG. Vt Vt/Voo 
.'.~( 
·, 1i 
(HR) (ML) (ML) (%) 
. 20 567 317 62.90 
.23 590 340 67.46 
.27 608 358 71.03 
.30 621 371 73.61 
.33 638 388 76.98 
.42 662 412 81. 75 
.50 676 426 84.52 
.75 687 437 86.71 
l. 00 694 444 88.10 
l. 50 698 448 88.89 
2.00 705 455 90.28 
3.00 710 460 91. 27 
4.00 718 468 92.86 
6.00 722 472 93.65 
12.00 739 489- 97.02 
22.00 750 500 99.20 
34.00 753 503 99.80 
45.00 754 504 100.00 
55. 
{ I~ \ APPLIED PRESSURE: p ::: 40 psig { ,r,, 
E \ :if\ 
f t~ ., 
SAMPLE INITIAL WATER ABSORBED ( ~ff WT. FINAL WT. 
,, 
# (GMS) (GMS) (GMS) 
50 1529 1659 130 
57 1523 1658 135 
136 1530 1660 130 
138 1525 1653 128 
523 
KINETICS OF IMPREGNATION 
TIME VOLUME RDG. Vt Vt/Voo 
(HR) (ML) (ML) ( % ) 
00 29 00 00 
.02 125 97 21.87 I 
.03 155 127 28.93 I 
. 05 175 147 33.49 I I 
.07 200 .172 39.18 
. 08 214 186 42.36 
.10 232 204 46.47 
.12 247 219 49.89 
.13 263 235 53.53 
.15 275 247 56.26 
.17 286 258 58.76 
56. 
!::.P ::: 40 psig 
T;IME VOLUME RDG, Vt Vt/Voo ,"i· 
(HR) (ML) (ML) (%) 
'.'._/ 
.20 308 280 63.78 
.23 330 302 68.79 
.27 347 319 72.67 
.30 361 333 75.85 
.33 375 347 79.04 
.42 401 373 84.97 
.56 412 3 84 87.47 
. 75 427 399 90.89 1.00 430 402 91. 57 1.50 438 410 93.40 2.00 442 414 95.31 3.00 446 418 95.22 5.00 458 430 97.95 9.00 463 435 99.09 18.00 465 437 99.55 31.00 466 438 99.77 43.00 467 439 100.00 
I 
I 
I 
.! 
57. 
APPLIED PRESSURE: p = 50 psig 
E 
SAMPLE INITIAL WT. FINAL WT. WATER ABSORBED 
# (GMS) (GMS) (GMS) 
77 1506 1640 134 
78 1501 1631 130 
94 1481 1610 129 
95 1514 1650 129 
= 519 
KINETICS or IMPREGNA'I'ION 
TIME VOLUME RDG. Vt Vt/Voo 
(JIH) (ML) (ML) ( % ) 
00 15 00 00 
.02 123 J.08 21. 30 I 
.03 145 130 25.64 I 
.05 19 9 184 36.51 
.07 225 210 41. 42 
.08 248 233 45.96 
.10 2 n 7 252 49.71 
.12 283 268 52.86 
. ]_ 3 300 285 56.21 
. ]_ 5 312 297 58.59 .. 
.17 328 313 61. 7 4 
;;'. 
58. 
DJ,=> ;:; 50 ps.i,g f1t: 
TIME VOLUME RDG. Vt Vt/Voo 
'h{ 
::l 
(HR) {ML) (ML) (%) 
'.(' ~i' '~ 
'', 
., 
.25 81 366 72.19 
.33 426 411 84.02 
.42 447 432 85.21 
.50 460 445 87.77 
. 75 472 457 90.14 1. 00 480 465 91, 72 1.50 485 470 92.70 2.0 490 475 93.69 3.0 499 484 95.40 5.0 504 489 96.45 9.5 513 498 98.22 18.5 515 500 98.62 34.5 520 505 99.61 45.00 522 507 100.00 
I 
I 
59. 
APPLIED PRESSURE: p = 60 psig 
E 
SAMPLE INITIAL WT. FINAL WT. WATER ABSORBED 
# (GMS) (GMS) (GMS) 
50 1524 
- 1657 
- 133 56 1510 
- 1643 - . 133 57 1518 
- 1654 
- 136 63 1510 
- .. 1644 
- 134 
KINETICS OF IMPREGNATION 
TIME VOLUME RDG. Vt Vt/Voo 
(HRS) (ML) (ML) (%) 
00 104 00 00 
.02 255 151 29.38 
.03 280 176 34.24 
.05 320 216 42.02 
.07 345 241 46.89 
.08 368 264 51. 36 
.10 388 284 55.25 
.12 408 304 59.14 t 
.13 422 318 61. 87 r .15 438 334 64.90 > 
.17 450 346 67.32 
. 
' ,, 
f: 
60. 
DP ::: 60 psi9' 
TIME VOLUME @G. Vt Vt/Voo 
(HRS) (ML) (ML) (%) 
.25 492 388 75.49 
.33 536 432 84.65 
.42 550 446 86.77 
.50 559 455 88.52 
. 75 574 470 91. 44 l. 00 578 474 92.22 l. 50 583 479 93.19 2.50 590 486 94.55 4.50 599 495 96.30 8.5 608 504 98.04 12.5 610 506 98.44 23.5 613 509 99.03 37.5 618 514 100.00 45.00 618 514 100.00 
r 
' 
I 
I 
i.' I 
j. 
Vi 
. '· 
61. 
X 
t 
,( 
~--,.,, I 
I 
'.'::..::...-,...,-,-.~ ..... , ... , .... , ....... _, 
VITA 
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parents are David Nhaway and Rhoda Zarley. He obtained 
his high school diploma from the College of West Africa 
in December 1968. He studied at Cuttington College, 
Suacoco and obtained his B. S. Degree, Cum Laude in 
Chemistry in December 1972. He was admitted to Lehigh 
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